The travel patterns of senior citizens in Seoul were analyzed using Automatic Fare Collection (AFC) 
INTRODUCTION
The UN classifies countries with over 7% of their population aged 65 or older as "aging societies" [1] .
Recently, the developments in medical technologies and low birth rates have led to increase in aging populations. Related to this trend, as quality of life issues for the elderly are starting to gain more attention, the governments in these countries are concerned with advancing elderly individuals' welfare, considering both social and economic aspects. The rise in aging populations involves not merely population growth and lifetime extension but also changes in life patterns. As travel is a significant part of our daily lives, mobility has a large impact on one's quality of life. Accordingly, this requires enhancements to various travel convenience policies to build a system for advancing older adults' travel range. Thus, older individuals, who are classified as "transportation vulnerable," have been a population of interest in transportation research.
Rosenbloom performed a comparative analysis on travel modes, travel volume, and total travel distances among people over the age of 65 in a variety of advanced countries as a way to assess travel policy implications [2] . Golob and Hensher analyzed older adults' travel patterns in Sydney, Australia, as a way to examine potential differences with normal travellers and determine what sort of interventions might be necessary [3] .
Trip distance among elderly travellers was an important indicator of sustainable transportation. Morency analyzed elderly, low-income adults and members of single-parent households using a spatial expansion model. The data were compiled from the Toronto Transportation Tomorrow survey and a travel survey conducted in Montreal. The results from a series of regression models predicting distance travelled suggested that individuals in these three at-risk groups seemed to travel shorter distances, but not in every case or in the same magnitude [4] . Mercado and Paez investigated determinants of mean trip distance travelled among different mode types with a focus on elderly adults in Toronto [5] .
Schmocker examined demographic and disability variables as they related to patterns of trip generation among elderly and disabled individuals using an interim version of the London Area Travel Survey. The trip generation model used by Paez was included in this study. Results showed that increasing age, and disability independent of age, had an impact on trip frequency. Additionally, individuals experiencing difficulty with walking made fewer trips and travelled shorter distances [6, 7] .
Other studies have analyzed the mobility of agespecific older adult groups in the Netherlands from various angles, including travel modes, periods, distances, etc., for purposes of policy implications [8] . Furthermore, some studies have focused on mobility as an important factor related to quality of life among the retired individuals over the age of 65 using structural equation modelling. Data used for this analysis included household activity survey data from the Puget Sound Regional Council in Washington State. One factor related to mobility that predicted the quality of life was older adults who were "transportation disadvantaged" [9, 10] .
The aforementioned studies focused on general travel patterns based mainly on questionnaire surveys; however, current transportation systems and assessments of policies dealing with transportation card data have been given little consideration. In the Republic of Korea, a legal precedent has been set to systematically enhance travel conveniences among the transportation vulnerable [11] . However, insufficient systematic analyses and studies on travel patterns among older adults are available.
Several studies have focused on transportation mode choice modelling among elderly individuals. Van den Berg estimated the relationship between travel demands for purposes of social activities using data from social interaction diaries and questionnaires in Eindhoven, the Netherlands. A negative binomial model, random effects model, and mixed logit model were used for the estimation [12] . Schmocker attempted to understand mode choice decisions among older and disabled individuals in London, with the objective of determining what policies could best meet these individuals' mobility and activity needs. An interim version of the London Area Travel Survey that included information on both trip distance and journey travel time were used for the estimation. Models were estimated using six mode choices specific to variable travel costs [13] .
The current study has great significance in that it attempted to discover travel patterns among older adults using travel data collected from transportation cards. Additionally, the current study focused on analyzing the factors influential to travellers by assessing multiple modes of public transportation through transit mode choice pattern data. This was done in order to assess the implications for improving mobility convenience facilities for the transportation vulnerable.
The current study collected data on "passengers over the age of 65" (traveller type) from Seoul transportation card data, as well as from travel records and free ride cost status data obtained through the metro operator of the Seoul metropolitan region, Republic of Korea. Analyses were performed to identify travel patterns. This included a multinomial logit model with principle explanatory variables influential to transit mode choice to determine relevant choice patterns.
ANALYSIS OF ELDERLY TRAVEL PATTERNS
The demand for public transportation has continued to increase as the population has been shifting from rural to more urban areas throughout the Republic of Korea. Starting with the launch of Korea's first subway, the Seoul subway Line 1 in 1974, the era of subways was inaugurated, and all sections of Seoul subway lines 1, 2, 3 and 4, and the Busan subway, opened in the 1990s.
The Seoul subway lines 5, 6, 7, and 8, as well as subway lines in In-Cheon, Dae-Gu, Gwang-Ju, and Dae-Jeon, opened in the 2000s. Thus, the Republic of Korea operates one of the most extensive metropolitan subway systems in the world, with a total of 768 stations along 31 lines that span almost 1,118.6 km. Although intended to assist the older adults, the free ride program for senior citizens, combined with the rapidly aging Korean population, has resulted in several complications, including financial difficulties experienced by several subway operators.
Although Korean subway operators are government-owned corporations catering both to public interests and profitability, the disparate emphasis on public interest and considerations for consumer prices have served to curb fare increases, resulting in fares being far less than their actual cost.
The main purpose of the present study was to investigate the travel patterns among elderly adults using transit smart card data over a one-week period. The paper presents older adults' travel patterns, with respect to time and frequencies of boarding and alighting, transfer chains and times, and the cost of free rides. Older adults' travel patterns based on transit smart card data are valuable to transit agencies for planning and scheduling routes for customers with special needs. Furthermore, they provide an opportunity to review and improve the operators' financial standing.
Aging society
Our world has been facing recent issues related to the increased aging populations. Population aging is a shift in the distribution of a country's population towards older ages. The number of older individuals is expected to greatly increase in some countries. The Republic of Korea officially became an "aging society" in 2000. In comparison with other countries, there has been a dramatic rise in the number of older adults in Korea. Figure 1 shows the composition of the national population since the 1960s in Korea. According to the Korean national statistics, the distribution ratio among men and women in the over-65 age group was only 3.5% and 2.3%, respectively, in 1960. This increased to 13.4% and 9.3%, respectively, in 2011. Furthermore, this ratio is expected to sharply increase towards 40.4% and 34.3%, respectively, in 2050 [14] . Thus, travel patterns and transportation policies developed for the enhancement of elderly mobility need to reflect this ever-increasing population.
In order to subsidize the elderly mobility, metro operators have been providing discounts for elderly passengers over the age of 65 since the 1980s. Since about 45% of people over the age of 65 live in poverty, the government decided to subsidize metro operators for providing older adults with discounted tickets. From 1980 to 1984, the 1st metro system in Korea provided 50% discounts for elderly passengers. Since 1984, the metro system has been providing free passes. All new subway operators have been required to provide free passes from their 1st day of operation. Until 2008, one-use paper tickets were provided, which were replaced by smart cards. As the number of transportation studies assessing elderly adults has increased, the introduction of transit smart card data has provided an excellent opportunity to study older adult travel patterns and develop transportation policies to aid the elderly mobility.
Operation analysis using elderly travel patterns
Below, the data related to providing free passes are discussed. transit system is shown in Table 1 . The number of free riders has continued to increase with the increasing population of older adults over 65. The costs of providing free rides are about 10% of all transit income and results in higher expenditures. Free ride costs substantially increase the financial burden placed on the operators. Figure 2 shows the ratio of free riders relative to the total number of subway passengers within the five mega cities -Seoul, Busan, Gwang-Ju, Dae-Gu, and Dae-Jeon -of Korea. These cities had subsidization policies until 2004, but these policies no longer exist. As shown in Figure 2 , the four mega cities other than Seoul had more than 20% of passengers that were free riders. This was primarily due to differences in metro services related to the number of lines and headways operating in each city.
Headway time for the four mega city (excepting Seoul) metro systems is about 8-15 minutes, longer than in Seoul (anywhere from 3-8 minutes). These other cities also have lower demands for public transportation than in Seoul. Thus, metro operators appropriately set their headway to be about 8-15 in order to meet their transportation needs. However, this inhibits performance for an economically active population, whose highly valued time is being spent using the subway. Of course, this extra time might not be as detrimental to elderly and disabled individuals, who might not experience the same time pressures as other passengers. Figure 3 shows a comparison of mode shares between the five mega cities. In Seoul, even though there was a higher ratio of older adults in the population, the results revealed the lowest ratio of free subway rides. This difference is presented in the modal distribution of internal trips within the cities. Seoul and Busan subways used 36% and 17%, respectively, while the other cities held only about 2-7%.
Free fares provide a good opportunity for riding the subway. To differentiate transit times and increase metro ridership, work must be done to help increase the operation of express trains. To improve the availability of lines that pass the major landmarks, bus systems and metros should be more integrated. One study revealed generally negative opinions regarding the abolishment of free passes [20] . Older adults in Korea have few choices other than the metro or buses for vehicular travel; thus, if these individuals will incur restrictions on using the metro, such restraints are likely to have a more negative effect on elderly adults as compared to any other travel group. 
Transit smart card data analysis
With the exception of elderly and disabled individuals, all transit systems follow a model of distancebased transit fares. Elderly adults are provided with a free ride, but only for the metro; elderly adults are charged bus fare according to the distance-based transit fare system. In this system, passengers pay a basic fare when boarding, and an additional fare is automatically calculated based on travel distance upon disembarkation. The additional fare will be charged within a maximum of four transfers. Elderly adults using the buses and metro with transit cards are charged the basic fare for the bus and additional fares calculated according to the distance travelled. Data collected from transit smart cards and operators provide an opportunity to investigate travel patterns and analyze the effectiveness of this transportation policy. Table 2 shows content of recorded information from smart cards used in the current study. The actual number of recorded fields was more than 30, but only 17 fields (those listed in the table) were used for the analysis. Similar to other transit smart card systems, this includes individual ID cards, boarding and alighting times, transit mode, type of user, location of boarding and alighting, etc. In 2012 the transit smart card system collected data associated with metro stations and bus stops in Seoul.
The dataset used in the current study was obtained from the Korea Smart Card Corporation (KSCC), the operator of the Seoul AFC system. The dataset covered March 22 (Thursday) to 24 (Saturday), 2012. The number of transactions on a typical weekday in Seoul is more than 35 million. Each leg of a trip constitutes two transactions (boarding and alighting), so the total number of trip legs is about 18-19 million per day.
The average percent error in the card data was about 4% for each weekday, and records containing errors were eliminated from the analysis. Four types of errors were observed: (1) incorrectly recorded transfers, (2) partial or missing data, (3) identical boarding and alighting stations, and (4) the in-vehicle time was recorded as less than 30 s and the total travel time was greater than 5 h.
As shown in Table 3 , most errors included missing data. This occurred when passengers did not tag their cards twice when both boarding and alighting. In this case, the tag time data for either boarding or alighting was missing. Additionally, the number of transfers providing trip chain information was not properly recorded. Data with excessively long or short transfer times were regarded as errors that could obstruct explanations related to transit travel behaviour. A few errors were also reported by faulty card tag systems, with station and route information missing. After the fourth filtering process, we finalized data in which about 19 million legs were recorded, corresponding to approximately 13 million trips on a weekday. Of these 13 million trips, approximately 1 million (or about 8%) were taken by people using free passes.
Comparisons of transit travel characteristics
It was expected that free riders, such as elderly and disabled individuals, would take fewer trips and make fewer transfers compared to general riders. As shown in Table 4 , the observed average in-vehicle travel time for general riders was about 32 minutes, which was similar to older adults' travel times. However, the observed average fare per trip for elderly adults was only 151 (KRW*/trip), and the average number of transfers per trip was 0.04 (transfer/ trip), which was much less than the average for general commuters. The average fare per trip for elderly passengers was only 15% of the fare obtained from general passengers. This means that elderly adults most likely used the metro instead of riding a bus in order to reduce their transportation costs. Furthermore, it is likely that elderly adults would not transfer between modes because they did not want to pay a bus fare nor did they want to make an inconvenient transfer trip.
One major benefit of using transit smart card data in Seoul is that we were able to analyze transfer patterns between modes. The transfer patterns obtained from cards were used to analyze and compare the different traveller types in Table 5 . Approximately 90% of the total trips made by elderly adults were singlemode trips, and these individuals greatly preferred taking the metro rather than a bus. This can be explained by the fact that older adults and disabled individuals try to use their free pass metro cards and complete their trip using only one transportation mode. In contrast to transfer patterns among elderly and disabled individuals, general passengers used single and one-transfer modes, which account for approximately 64% and 30% of the total trips, respectively. This suggests that general passengers also like to minimize the number of transfers, even though some will still make numerous transfers. Figure 4 shows the time of day travel patterns among general and elderly passengers on weekends and weekdays. As most elderly individuals are not employed, they travel frequently between 10 a.m. and 4 p.m. while general passengers mainly travel during both morning-peak and afternoon-peak hours (7-9 a.m. and 6-8 p.m.). Transit use patterns among elderly adults on weekdays and weekends are similar, although most older adult trips sharply decrease after 4 p.m. This could be because older adults engage in fewer evening outdoor activities, and have shorter activity durations, compared to general passengers.
Based on travel patterns by the time of day, we can provide a time-differentiated service for older adults in order to ease transportation burden on operators during morning-peak hours. 
ELDERLY TRANSIT MODE CHOICE CHARACTERISTICS
Below, the factors related to transit mode choice behaviour among the elderly passengers within trip chain information observed from the card data are discussed. The trip chain data include data where all transit modes were recorded with in-vehicle travel time, transfer time from origin to destination and cumulative fares until one trip was complete. Overall, older adults seem to pay lower fares and make fewer transfer trips. Thus, we investigated the magnitude of the effectiveness of variables, such as transfer time and transfer modes, in determining the transit mode choice among elderly passengers.
Model structure
The model for analyzing individual choice patterns was constructed according to the following three conditions. First, this model assumes that individuals are rational decision-makers and always reasonably make the most desirable choice. Second, the usefulness of each choice is identified by its characteristics and the chooser's personal attributes, but some choice characteristics might not be evaluated by the observer and do not correspond to the chooser's judgment of usefulness. Therefore, even in groups where choosers' personal attributes are observed to match choice characteristics, the choices are not always the same. Although choices are made according to their usefulness, the choosing is still a probability calculation based on the unobserved chooser attributes and choice characteristics. Choosers that face mutually exclusive choice combinations are assumed to choose a combination with the highest probabilistic usefulness. Third, this model assumes that individuals' specific situations and personal attributes have a strong influence on their choice of transit modes. Thus, this model uses a microscopic approach that discovers travel patterns based on individual behaviour principles.
The basic theory of random utility models (RUMs) is well known, and several different contributions of discrete choice models for transportation studies have emerged [21] [22] [23] [24] [25] [26] [27] . As for the particular case related to the fare scheme in Seoul, the transfer data between metro trips was not fully obtained since only one private line recorded transfer information. In addition, data for more than three transfers was insufficient to construct a discrete choice model structure because not all observations were available for every transfer type. Therefore, the targeted alternatives consisted of single modes and modes with two transfers, which covered 99% of all transit trips (as shown in Table 5 ). By excluding transfers connected to the metro after riding a bus or other lines, transit mode choice, including transfer choice set, consists of the five types listed below.
Metro Bus Bus -bus Bus -metro Bus -bus -bus The explanatory variables are shown in Table 5 and include travel time for transfers, in-vehicle time, travel distance by mode, and distance-based fare. These variables were tested and used to develop a multinomial logit (MNL) transit mode choice model by transfer type. After testing the various combinations of utility functions, we set up the model listed below. Model:
Uj -deterministic utility of alternative j; Table 6 shows results of the model estimation. This model was reliable, and all estimated parameters were significant with respect to t-values at the 95% significance level. In assessing the model's explanatory power, the rho-square value of the model was between 0.7 and 0.8. The signs of all parameters are shown to be negative, which makes sense because the explanatory variables such as travel time, time for transfer, and fare should negatively affect the mode choice model.
Model estimation results
Results showed that time for transfers had a greater effect on transit mode choice than did travel time or fare. This helps explain why passengers might be more likely to choose the transit mode with the fewest transfers. The fare variable had a small effect on transit mode choice because most elderly passengers in Seoul pay only a small fare (about $1.00 for each trip). Furthermore, the parameter value for bus in-vehicle travel time was greater than the value of metro in-vehicle travel time, which suggests that passengers have more negative feelings regarding bus travel times. The likelihood ratio value expressing suitability of the whole model was more than 0.7. Generally, this value is known to be desirable when it is in a range from 0.2 to 0.4. Thus, this model can be argued to be good at explaining transit mode choice patterns among elderly passengers.
From these results, it is interesting to note that the travel time for transfers was highly affected by older adult transit mode choice as compared to just regular travel time and fare. This suggests that elderly passengers were more likely to choose the transit mode with the fewest transfers. The fare variable was observed to have a small effect on transit mode choice because most elderly passengers in Seoul use the metro for free and pay only a small fare for the bus (about $1.00 for each trip); overall, fares between modes are similar. Hence, fare does not seem to be a crucial factor for transit mode choice. Interestingly, the parameter value for bus in-vehicle time was greater than the value for metro in-vehicle time. This indicates that passengers could be more (negatively) sensitive to bus travel time than metro travel time.
From a trip chain perspective, elderly adults are likely not to choose multi-transit modes for their journey since alternative specific variables were negatively predictive compared to the bus only mode. Although parameter values were large compared to general variables, we can infer that older adults most likely choose a convenient mode with regard to transfers such as a bus-to-bus transfer, rather than a metro-to-bus transfer. The mode-specific variable for the metro had a large negative effect on mode choice since the metro includes all transfers between metros. This indicates that it is likely that the elderly passengers would not choose the metro if a free pass card was not provided, on account of inconvenient accessibility.
CONCLUSION
Operation agencies of urban railways in the Republic of Korea offer a 100% discount to people over the age of 65. Since the Korean government does not properly support these discounted fares, the agencies maintain a system by which fare-paying passengers subsidize the costs for elderly passengers. Thus, flexible implementation of fares at SOC facilities is impossible; the burden on fare-paying passengers continues to increase. According to recent studies, the difficulties incurred by fare-paying passengers are annually rising, particularly in larger cities, including Seoul. However, fare discounts for older adults are reduced due to operation burdens and attendant social responsibilities. Consequently, the present study was conducted as a way to suggest possible solutions in consideration of both operators and travellers.
The current study collected data on "passengers over the age of 65" (traveller type) from Seoul transportation card data as well as travel records and free ride cost status data from a metro operator of the Seoul metropolitan region, the Republic of Korea. A statistical analysis was performed to assess travel patterns, and a multinomial logit model with principle explanatory variables influential to transit mode choice was assumed in order to analyze older adults' choice patterns.
Since the smart card data provides high quality and valuable information regarding travel patterns among transit users compared to traditional travel surveys, the smart card system can be used for many purposes related to transit planning above and beyond revenue collection. The large amount of data collected by a transit smart card system provides a better understanding of the travel behaviour since several observations are available as compared to the basic survey methods.
The analysis was focused on transit behaviour by considering transfer patterns for the distance-based fare system in Seoul. We found that about 99% of trips consisted of single mode trips and multimode trips with two transfers. The average travel time for older adult passengers was 31 minutes. Travel time when using the metro was longer than when using the bus. The average number of transfers was 0.04 per origin to destination, and each transfer took about 31.4 minutes. The average fare charged was about $0.14 (151 KNW). Interestingly, older adults made fewer transfers and longer metro trips with smaller fares by using their metro free pass cards.
In synthesizing this information, the most apparent problem appears to be the difficulty with transfer facilities and transfer costs. Thus, it is important to address the current discount policy offered to older adults, which is overburdening urban railway agencies. This can include creating an organic management system with bus transportation operators. Encouragement should also be given to elderly travellers to use transfers that might cost a little bit more than they currently pay in order to help improve the overall travel quality, as these individuals might find it difficult to enter the metro system or are uncomfortable making inter-metro transfers. Additionally, as older adults have more time available (but fewer financial resources), these individuals could be encouraged to travel during offpeak times. This could be accomplished by adopting time-flexible fare discounts. Hopefully, improvements in transportation services will not only be beneficial for alleviating transportation burdens on operators but also help improve travel comfort and safety for elderly individuals, which in turn could be beneficial to their overall quality of life. 
